Water-based lubrication concepts are of high interest for applications that require friction and wear control in a bio-medical environment. In this work, a concept of aqueous lubrication is presented based on hydration of surface active polymers combined with graphene oxide. Three different kinds of surface-active polymers with or without graphene oxide were coated on a CoCrMo alloy surface, and the samples were characterized by ATR and XPS. Hydration lubrication was created from a tailored oil-in-water (O/W) emulsion. Enhanced friction reducing capability was found for the polymeric coatings in combination with graphene oxide. The tribological behaviour of a PEG-lactide coating in emulsion was better than that of PEG coating, indicating the advantage of using hydrophilic and lipophilic group containing surface-active polymers for emulsion lubrication. The overall maximum reduction in friction that was achieved for a sliding contact of coated engineering surfaces from CoCrMo at low sliding velocity and moderate contact pressure was of about 63% compared to uncoated CoCrMo sliding in water at the same operational conditions. & 2015 Southwest Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Water-based lubrication and bio-medical applications
Bio-medical applications require a high degree of control over the tribological performance of sliding systems, as the quality of life could be reduced significantly in case of excessive friction and wear of the running surfaces, see e.g. [1] . Such a degree of control in mechanical engineering applications is typically gained by applying well selected and carefully formulated lubricants, as lubricants can provide a low shear strength layer separating the interacting surfaces. Surface layers are added or created by coating technology and surface treatment technology, respectively, to enhance the tribological performance of running surfaces further, or to create emergency running surfaces in case of (local) lubricant failure. The same approach could prove to be beneficial for biomedical applications as well.
One of the characteristic features of applications in or at the human body is the need to function in combination with the bodily fluid that is present for that specific location. These fluids are typically water-based. Examples of well performing aqueous lubricants include eyes, lungs and joints [2] [3] [4] [5] [6] . Water-based liquids function excellently as lubricants for example in natural systems such as joints with a coefficient of friction that could be less than 0.002 [7] . Simply using water for biomedical applications is not sufficient to control friction and wear for man-made systems, as water has very poor lubricating properties related to the low viscosity [8] and related to the lack of possibilities form high performing boundary layers.
Solutions to overcome these shortcomings currently include (1) the use of low shear strength boundary layers generated by bounding of surface-active hydrophilic polymer brushes and (2) the use of oil-in-water emulsions. Bounded surface-active hydrophilic polymers expand in the direction normal to the surface by adsorbing water and by hydrogen bonding with water forming a brush-like structure. On approaching of the interacting surfaces, the brush is compressed and a repulsive force arises so that the applied force is supported by the fluid, resulting in low interfacial shear strength on accommodating differences in sliding velocities of the interacting surfaces [9, 10] . Previous investigations are conducted on the hydration lubrication capability of various polymer brushes grafted on extremely smooth surfaces like mica and silicon wafers at contact pressure up to about 20 MPa [11, 12] . The effectiveness of the polymer brushes on engineering surfaces with an engineering roughness like on implant materials (CoCrMo alloy) at higher contact pressure (up to 100 MPa) is currently unclear. The same holds for the interaction with polymers like UHMWPE (Ultra-high-molecular-weight polyethylene) or PEEK (Polyether ether ketone) or with surgical stainless steel. In this work however, the focus was on demonstrating the lubrication concept for interacting contacts of CoCrMo. The lubricating action of an oil-in-water O/W emulsions can be explained using the plate-out theory, which is presented by the authors in full details in [13] . When an oil droplet is exposed to a metal surface, the layer formed by the polar orientation of the emulsifier molecule induces droplets to adsorb onto the metal surface. Then, the droplet spreads and a layer of oil can be plated on the surface and work as a protection layer. As such, during running-in of the tribo system, water has a dominant role and the coefficient of friction COF does not depend on the dispersed oil or on the additives within the dispersed oil. Then, the droplets break and plate-out onto the surface. This process is schematically illustrated in Fig. 1 . At the beginning, Stage I can be attributed to the transition of friction behaviour from the running-in period to the steady-state sliding. In Stage II oil droplets that dispersed in water adsorb and plate-out onto the metal surface. After the process of plate-out, the additives are adsorbed onto the metal surface and form the protection films, shown in Stage III.
Design of the lubrication strategy
In this work, a concept of aqueous lubrication is presented that combines the two solutions: lubrication based on hydration of surface active polymers from an oil-in-water (O/W) emulsion. The lubrication concept, is constructed starting from CoCrMo as these alloys are widely used as sliding surfaces in biomedical applications, for instance as artificial joint material. The latter because of the biocompatibility, excellent mechanical properties and high corrosion resistance [14, 15] . CoCrMo can be coated with a fully hydrophilic brush coating to form a hydrated layer on the substrate. Hydrophilic coatings that are selected for this work are poly(acrylic acid) (PAA), a polymer of acrylic acid with the ability to absorb and retain water and to swell to many times their original volume and poly(ethylene glycol) (PEG), a water-soluble polymer with many applications: from industrial manufacturing to medicine. PAA and PEG are selected in this work because of the fact that the -COOH and -OH groups in the molecules can combine plenty of water. Both PAA and PEG can be chemically bonded to the surface. Modifications of the basic structure can be made to create specific functionality.
Second, CoCrMo was coated with a layer of graphene oxide and subsequently coated with a fully hydrophilic brush coating to enhance the bonding strength of the layers or to create a layer that is able to withstand the higher pressure regime. Graphene oxide has a two-dimensional lattice of partially broken sp2-bonded carbon networks with hydroxyl and epoxide groups on the basal planes and carboxylic acid groups at the edges, enabling it to be produced onto various large area substrates with strong adhesion as well as to be functionalized with hydrophilic polymer brushes [16, 17] . Moreover, carbon materials have been used in the treatment of soft and hard tissue injuries, and graphene and its derivatives have attracted much attention in numerous applications in biotechnology, indicating the biocompatibility of graphene oxide [18] [19] [20] [21] .
Third, polylactide (PLA), a biodegradable thermoplastic aliphatic polyester derived from renewable resources, was selected and combined with PEG. As such a combination of water-soluble PEG and oil-soluble PLA was created. It was selected because of the amphiphilic characteristics. PEG-lactide is designed specifically to function with O/W emulsions and interaction is expected with the oil part of the emulsion and with the water part of the emulsion. In this system at the hydration stage the hydrated layer is thought to work, while at the emulsion stage the plated-out oil layer is thought to work as lubricating layer.
Scope of the work
The macroscopic tribological performance of the designed lubrication concept was explored by measuring the frictional response of the amphiphlic coating and the hydrophilic coatings with or without GO intermediate layer, in water and in a tailored emulsion, with a known tribo chemical response [13] . Water was taken as a reference, as it was used before to examine the wear and corrosion of CoCrMo alloy [22] .
Experimental

Materials
The CoCrMo alloy (Stellite 21, coded S21) was used as substrate in this work and obtained from Kennametal and complied with the standard ASTM F-75. It contains 27.0 wt% chromium, 5.5 wt% molybdenum, 2.5 wt% nickel and 0. Graphite was 30 μm in diameter powder and obtained from Shanghai Chemicals. NaNO 3 and KMnO 4 were purchased from Shanghai Chemicals, China. HCl, H 2 SO 4 and H 2 O 2 were purchased from Merck Chemicals. All chemicals were used as received.
Preparation of the coatings 2.2.1. Preparation of graphene oxide (GO)
A typical Hummers method [23] was used to prepare graphene oxide by using graphite powder as the starting material. In the experiment, graphite (2 g, 30 μm) and concentrated sulphuric acid (50 mL) were added in a 250 mL flask with stirring. Subsequently, 5 g NaNO 3 was added and after 1 h of stirring it was cooled to 0 1C using an ice-water bath. Then 7.3 g KMnO 4 was added in small portions during 2 h. When the addition was completed, the reaction mixture was warmed to 35 1C. After 2 h of stirring, the reaction was quenched by adding 200 mL of ice water and 7 mL of H 2 O 2 (30%) consumed the excess KMnO 4 and MnO 2 . The resultant graphite oxide was filtered off and washed with aqueous HCl (3%). The graphite oxide was further washed with water (5 Â 100 mL) and dried at 40 1C for 24 h in the vacuum oven. Graphite oxide (0.075 g) in 150 mL of H 2 O was sonicated (200 W) at room temperature for 1 h, in order to exfoliate the graphite oxide into GO sheets. Then a suspension of 0.5 mg/mL GO in H 2 O was obtained.
Preparation of coatings
The preparation of the coatings as well as the symbols are shown in Fig. 2 . The S21 substrate coated with PAA and PEG (coded S21-PAA-PEG) has been selected as an example to explain the coating procedure. The S21 substrate (10 Â 10 Â 3 mm) was washed and sonicated with acetone for 30 min. After drying, it was dipped into piranha solution (H 2 O 2 : H 2 SO 4 ¼ 1:3 (vol%)) for 2 h. To enhance the hydroxyl groups on the surface of S21 plate, the oxidized S21 plate (S21-OH) was immersed in boiling H 2 O 2 solution for 1 h. Then the plate was washed with ultrapure water and flushed with N 2 . After cooling down, APTMS was grafted by a chemical vapour deposition (CVD) process as follows. The plate was put in a vacuum vessel together with 1 mL APTMS and the vacuum was kept lower than 10 À 7 Pa overnight. Then the sample S21-APTMS was received. PAA was coated onto S21-APTMS by a spin coating process. 0.1 mL 5.0 wt% of PAA in water was applied on the centre of the specimen. The substrate then rotated at 1000 rpm for 60 s. Then the specimen was put into a vacuum oven at 100 1C for 2 h. After cooling down, the sample was washed with ultrapure water and flushed with N 2 and coded as S21-PAA. PEG (5.0 wt% in water) was coated by using the same spin coating procedure as that for PAA and then treated in the vacuum oven at 120 1C for 2 h. After the washing and drying process, the sample (S21-PAA-PEG) was kept in a vacuum desiccator. By replacing PEG with PEG-lactide, the S21-PAA-PEG-lactide sample was prepared. Similar to the procedure described above, after the coating of APTMS, 0.1 mL 0.5 mg/ mL GO in H 2 O was spin coated on the sample. The sample was treated in a vacuum oven at 100 1C for 2 h and coded S21-GO. PAA, PEG and PEG-lactide were coated in the same way as above and the samples are coded S21-GO-PAA, S21-GO-PAA-PEG and S21-GO-PAA-PEG-lactide, respectively.
Characterization of the samples
The samples were characterized by infrared spectroscopy (IR spectroscopy) and X-ray photoelectron spectroscopy (XPS) [20] . For the coated samples, attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were recorded with spectrum 100 FT-IR Spectrometer, Perkin Elmer. The spectrum was collected for 64 scans with a resolution of 4 cm
, and the background was collected in the absence of the samples. For comparison, FTIR spectra of the powder standard compounds were recorded with an ALPHA FT-IR Spectrometer, Bruker.
X-ray photoelectron spectroscopy (XPS, Physical Electronics PHI-5702) was performed using amonochromated Al irradiation. The chamber pressure was $ 3 Â 10 À 8 Torr under testing conditions. Peak deconvolution and quantification of elements were accomplished using Origin 7.0.
The aqueous media
The aqueous media used in the experiments as well as the abbreviations are listed in Table 1 . Deionized water was used as one of the media as well as for the preparation of other aqueous media. The O/W emulsions were prepared by milling and mixing 2.0 wt% of the additive, 6.0 wt% of Polysorbate 80 and 6.0 wt% of the rapeseed oil together, then adding water gradually and stirring (800 r/min) for 30 min. The additive, dibutyl octadecylphosphoramidate (DBOP), was prepared according to [24] and the structure is depicted in Fig. 3 . Polyoxyethylene (20) sorbitan monooleate (Polysorbate 80) is a nonionic surfactant derived from polyethoxylated sorbitan and oleic acid [25] . It was purchased from Sigma-Aldrich and used as emulsifier without further treatment. The rapeseed oil, provided by Grease Factory of Lanzhou, China, was used with no further treatment. The main chemical constituents of fatty acids in the rapeseed oil are as follows: 7.46 wt% of saturated fatty acids, 64.06 wt% of monounsaturated fatty acid and 28.48 wt% of total polyunsaturated fatty acid.
Tribological tests
The tribological tests were performed by a nanotribometer (ball on disk) which is provided by CSM-instruments. The roughness of the specimen was characterized by the Micromap 560 interference microscope. The average roughness Ra 1 of the CoCrMo balls and Ra 2 of the CoCrMo disks are based on surface measurements, not on line scans. The balls are 5 mm in diameter with a roughness of about 1507 50 nm. To investigate the influence of the surface roughness on the tribological performance of the surface-active polymer coatings, the disks were polished with surface roughness of 150 7 50 nm. The polished disks were then coated with the surface-active polymers as illustrated in Fig. 2 . The normal force is 5 mN, and the mean contact pressure is 90 MPa as calculated by Hertz equation. With the sliding velocity of 35 mm/s, the lubrication regime can be estimated to be in the boundary lubrication regime, based on the theory outlined in [26] . The detailed test conditions are summarized in Table 2 .
Results and discussion
Characterization results of the samples
FTIR analysis of the samples
The IR spectra of graphite, graphite oxide, graphene oxide and S21-GO are shown in Fig. 4 . From Fig. 4 , no distinct peak can be found from the spectrum of graphite. Graphite oxide exhibits representative peaks at 3194, 1719, 1622, 1368 and 1057 cm À 1 corresponding to O-H stretch, C ¼ O stretch, aromatic C ¼ C, C-O stretch, respectively. The FTIR spectrum of the GO sample accorded well with the previous works [27, 28] . The peaks at 3270, 1720, 1626, 1425, 1211 and 1097 cm À 1 correspond to O-H stretch, C=O stretch, aromatic C=C, and COO-bending, epoxy C-O and C-O stretch, respectively. From the spectrum of S21 -GO, the peaks at 1622, 1362 and 1097 cm À 1 can be assigned to aromatic C=C, O-H bending and C-O stretch, respectively.
As shown in Fig. 5 , two peaks located at 2959 and 1448 cm À 1 were observed in the pure PAA sample which can be assigned to the stretching and bending modes of CH 2 . The signals at 1701 and 1160 cm À 1 can be ascribed to the stretching modes of C ¼ O and C-O in COOH group, respectively [20, 29] . For the spectrum of S21-PAA, the signals at 1700 cm À 1 can also be ascribed to the stretching modes of C=O and two peaks located at 2939 and 1447 cm À 1 can be assigned to the stretching and bending modes of CH 2 . The signals at 1159 cm À 1 can be the stretch vibration of C-O groups. From the spectrum of S21-GO-PAA, it can be seen that the peaks located at 2935 and 1442 cm À 1 can be the stretching and bending modes of CH 2 . The signals at 1700 and 1157 cm À 1 can be the stretch vibration of C=O and C-O groups. The signal at 1545 cm À 1 can be the stretch vibration of C-N groups. Fig. 6 shows the IR spectra of PEG and PEG coated surfaces. From the spectrum of PEG, the peaks at 841 and 959 cm À 1 in PEG can be assigned to C-H bending vibration. The peak at 1094 cm À 1 corresponds to the C-O-C stretch vibration in PEG. The peaks at 1240, 1278 and 1340 cm À 1 in PEG correspond to C-C stretching vibrations. The peak at Table 1 The aqueous media used in the tests.
Abbreviation
The aqueous media 1466 cm À 1 can be attributed to the scissoring and bending vibration of C-H group. The peak at 2876 cm À 1 in PEG represents C-H stretch vibrations. For the spectra of S21-PAA-PEG and S21-GO-PAA-PEG, the aforementioned characteristic peaks can also be found. The broad band structure appearing at 3434 cm À 1 in S21-PAA-PEG and 3435 cm À 1 in S21-GO-PAA-PEG indicates the presence of O-H bonds (stretch vibration of O-H group) [30] . In addition, the peaks at 1726 cm À 1 in S21-PAA-PEG and 1728 cm À 1 in S21-GO-PAA-PEG are ascribed to the stretch vibration of ester C ¼ O group due to the esterification functionalities between the PAA and PEG [31] . The peaks at 1628 cm À 1 in S21-PAA-PEG and 1633 cm À 1 in S21-GO-PAA-PEG are ascribed to the stretch vibration of amide C ¼ O group due to the reaction between the PAA and PEG terminal amino groups [32] . Therefore, the formation of ester and amide was confirmed by this evidence. Fig. 7 shows the IR spectra of PEG-lactide and coated PEGlactide. From the spectrum of PEG-lactide, the peaks at 841 and 960 cm À 1 can be assigned to C-H bending vibration. The peak at 1099 cm À 1 corresponds to the C-O-C stretch vibration in PEG. The peaks at 1240, 1278 and 1340 cm À 1 in PEG correspond to C-C stretching vibrations. The peak at 1466 cm À 1 can be attributed to the scissoring and bending vibration of C-H group. The peak at 2876 cm À 1 in PEG represents C-H stretch vibrations. From the spectrum of S21-PAA-PEG-lactide, the peak at 1099 can be attributed to the stretch vibration of C-O-C group; 2926 stretch vibration of C-H group; 1400 scissoring and bending vibration of C-H group. From the spectrum of S21-GO-PAA-PEG-lactide, the peak at 1109 can be attributed to the stretch vibration of C-O-C group; 2918 stretch vibration of C-H group; 1453 scissoring and bending vibration of C-H group.
XPS analysis of the coatings
The C 1s XPS analyses of the coated surfaces are shown in Fig. 8 and the fit binding energy of C 1s , O 1s , Si 2p and N 1s spectra are listed in Table 3 . For S21-PAA in Fig. 8a there are three kinds of carbon atoms that correspondingly exist in different functional groups: the non-oxygenated carbon atoms in the ring (around 284.0 eV), the carbon atoms in carbonoxygen bonds (285.0 eV), and the carboxylate carbon (287.0 eV) [33] . Almost the same spectra can be found for S21-GO-PAA from Fig. 8d . For S21-GO in Fig. 8c , the sp2 peak (C-C) of the C 1s spectrum is centred on around 284.9 eV. The strong component at 286.9 eV is attributed to the epoxide group (C-O-C), and the components around 288.1 eV correspond to carbonyl (C ¼ O) and carboxyl (O ¼ C-OH) groups, respectively [34] [35] [36] [37] . For S21-PAA-PEG and S21-GO-PAA-PEG, the spectra show mainly two components which are the functional groups of C-C (around 284.0 eV) and C-O-C (around 286.0 eV), and almost no O=C-OH groups can be found [38, 39] due to the detection depth of XPS, which is around 3-10 nm, which may indicate that the thickness of the superficial PEG layer is higher than 3-10 nm so that the middle PAA layer cannot be detected. For S21-PAA-PEGlactide and S21-GO-PAA-PEG-lactide, the binding energies are 284.6 eV for C C-C , 286.0 eV for C C-O , 287.0 for C C=O , respectively.
The O 1s XPS analyses of the coated surfaces are shown in Fig. 9 . For S21-PAA in Fig. 7a and S21-GO-PAA in Fig. 9d , there are two kinds of oxygen that correspondingly exist in different functional groups: O-C (around 531.4 eV) and O-C ¼ O (around 533.0 eV) [40] . For S21-GO, the O 1s spectra (Fig. 9c ) contains three components: O-C at 531.7 eV, O ¼ C For the S21-GO-PAA-PEG and S21-GO-PAA-PEG-lactide, the COF was largely reduced to 0.13 and 0.12. Therefore, it can be summarized that the CoCrMo alloy coated with both GO and surface-active polymer layers showed improved frictional behaviour than only with a GO layer or only with a surface-active polymer layer.
The interactions between PEG lactide coatings and emulsions
Since PEG-lactide contains both long alkyl chain (lipophilic) and PEG (hydrophilic), it is assumed that when used in O/W emulsion, the lipophilic part may interact with the oil component of the emulsion and the hydrophilic part will interact with water. Fig. 11 shows the coefficient of friction of S21-PAA-PEG-lactide and S21-GO-PAA-PEG-lactide in emulsions. The performance of S21-PAA-PEG and S21-GO-PAA-PEG is also given for comparison.
When tested in combination with the emulsion without additive (O/W 0%), the friction coefficient is the higher when tested with water only. During the test, the emulsion droplet will be broken and the release of the base oil from the droplet could well destroy the structure of the hydrophilic polymer because the base oil can be regarded as a negative solvent for the formation of hydrophilic polymer brushes. The perfor- mance of the emulsion with additive (O/W 2%) is better than the performance in water. Besides the contribution of the polymer brushes, the formation of boundary layers from the emulsion with additive may also play a role. The additive used in the emulsion can form effective boundary layers on the rubbing surface by adsorption and tribo-chemical reaction, as explained in full detail in [13] . From Fig. 11 , it shows that the coatings with GO perform better than those without GO. The precise reason for this is not clear and requires research on the effect of graphene oxide on the bonding strength of the polymeric layers and research on the coverage of the polymeric layers as a function of time and as a function of the tribological load. It seems fair to assume that local failure of the polymeric layer could be backed up by the graphene oxide layer, as this layer is able to withstand higher pressures. The maximum loading conditions for GO need additional research as well. For the same coating, the COF in the emulsion with 2.0 wt% additive (O/W 2%) is lower than that without additive (O/W 0%). Moreover, the COF of the coating with lactide is almost the same as that without lactide. It suggests that when using emulsion with additive, the additive effect is predominant due to the formation of protective boundary layer from the additive, see [13] . When using emulsion without additive, the coating with lactide always performs better than that without lactide. According to the friction profile as shown in Fig. 12 , the COF of the coatings in water increases with time, while in 0% emulsion the COF increases before 600 s and after that the COF drops and then increases gradually with time.
By comparing the friction profile, the interaction between PEG-lactide coating and water is quite different to that between PEG-lactide coating and emulsion. In water, the COF increases with water because of the increasing worn asperities. While in the emulsion, the emulsion droplet first adsorbed onto the metal surface due to the polarity of the emulsifier at the droplet interface. With continuing sliding, the emulsion droplet could well started to break, and the oil component in the emulsion might came out. Under the tested conditions, the oil component might adsorbed and reacted with the metal surface, generating a protection film, similar to the results presented in [13] .
Surface active polymers grafted onto one of the interacting surfaces have proved to be functional in reducing friction for rough engineering surfaces in this study. Systematic research on tailoring potential surface active polymers onto both interacting surfaces with respect to surface roughness and interacting environment is vital for the application of surface active polymers into the medical field. The optimum thickness and density for reducing friction on rough surface may be predicted and designed by modeling and establishing the relationship among surface coating parameters (grating density, grafting thickness, etc.), surface roughness parameters and frictional behaviour of surface coating. The developed aqueous lubrication concept was based on CoCrMo alloy surfaces, and should be extended to other engineering surfaces, such as surgical stainless steel and various polymeric materials, i.e. UHMWPE for joint implant, fibers used in medical textiles. The scope of the hydrophilic coatings can be enlarged as well to for instance hydrogels.
Conclusions
1. Three different kinds of surface-active polymers with or without GO were coated on CoCrMo alloy surface, and the samples were characterized by ATR and XPS. The tribological performance of the surface-active polymer coatings with or without GO was evaluated in water and in a tailored O/W emulsion. 2. The tribological behaviour of PEG-lactide coating in emulsion was better than that of PEG coating, indicating the advantage of using hydrophilic and lipophilic group containing surface-active polymers for emulsion lubrication. 3. From the results it showed that CoCrMo performs poorly in water at low sliding velocity and moderate contact pressure: the measurements revealed a high COF of 0.30 in water.
For CoCrMo-GO-PAA-PEG-lactide in O/W emulsion, the COF was reduced to 0.11.
The reduction in friction of about 63% demonstrated the potential of the novel lubrication concept. Systematic research on tailoring potential surface active polymers onto both interacting surfaces with respect to surface roughness and interacting environment is vital for the application of surface active polymers into the bio-medical field.
